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Retrotransposons, which transpose through the reverse transcription of their mRNA
intermediate, are the mest abundant and widespread class of eukaryotic transposal)le
elements. They are separated into two broad groups, the long terminal repeat (LTR) and
non-L'IR retrotransposons. LTR retrotransposons are further classified into two major
groups, the copia and gypsy. The two types can be distinguished by the inversed order of
the gene arrangement of integrase and RT/RNase H. Both types have provided potential
tools for the basic and applied studies in plant biology. Porpityra yezoensis has been
using for cultivation of seaweed and most important in the fishery industry of Japan. In
addition, it has recently received much attention as a model for fundamental research on
marine plants. Hence, retrotransposons are also expected to be valuai)le tools for the
research in PorpItyra. There are, however, no reports on LTR retrotransposons in macro
algae including Porpdyra. In my studies fbr a doctor's degree, I addressed elucidation of
the nature of two copia-like retrotransposons from P. yezoensis. The results are
summarized as fo11ows.
 In the Chapter I, I isolated a genomic DNA fragment of 4,581 bp in length named
jP)2REIOG from P. yezoensis. IlyREIOG contained a putative ORF encoding gag, protease,
integrase, reverse transcriptase (RT), and RNase H, but one stop codon was present in the
integrase region. Southern blot analysis suggests that the lb2REIOG exists as a single
copy per genome. From the order of gene arrangement ofpolyproteins, jPIyREIOG appears
to be a copia-like retrotransposon. From the phylogenetic trees of RT and RNase H,
IDIyREIOG is grouped in a new clade of aquatic animal-specific copia-like
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retrotransposons, the GalEa family, and distinct from usual copia elements. On the other
hand, the integrase of llyREIOG along with the GalEa family stands within the gypsy
elements. PYREIOG is the first example of a chimera composition of copia- and gypsy-
like polyprotein genes in a single element.
 In the chapter II, a copia-like retrotransposon possessing an intaet gene structure
(?)2REIGI) was isolated from P. yezoensis. I]beREIGI is 4,807 bp in length, with 204 bp
LTRs at both ends. R>?REIGI has an open reading frame of 1,401 residues encoding gag,
protease, integrase, reverse transcriptase (RT), and RNase H. From the order of gene
arrangement ofproteins, IlyREIGI appears to be a copia-1ike retrotransposon. Genomic
Southern blot analysis suggests that RJ7REIGI consists of a small gene family. From the
phylogenetic trees of integrase, RT and RNase H sequences, ]PIJ2REIGI is grouped in the
clade ofusual copia elements and distinct from PIyREIOG.
 These are the first characterization ofLTR retrotransposons from macro algae. Current
data show that P. yezoensis possesses two different clades of copia-like retrotransposons.
Further characterization of these elenients will provide usefu1 tools fbr fundamental and
applied studies ofP. yezoensis and important information about origin and evolution of
retrotransposons in plants.
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                             Chapter 1
A copia-like retrotransposon gene encoding gypsy-
                   a red alga, Porphyra yezoensis
like inte     .rase m
Abstract
A genomic PCR fragment of 4,581 bp in size, referred to as RyREIOG, was isolated from
the red alga Porpbyra yezoensis. fyLREIOG contained a putative open reading frame
encoding gag, protease, integrase, reverse transcriptaSe (RT) and RNase H, but one stop
codon was present in the integrase region. Southern blot analysis revealed that ]P)2REIOG
                                                               'exists as a single copy in the genome. From the order of gene arrangement of
polyproteins, IlyREIOG appears to be a copia-like retrotransposon. Based on amino acid
sequences of integrase, RT and RNase H region, ,PIyREIOG is most related to GalEa
group retrotransposons, which were most recently identified as aquatic animal specific
copia-like elements. The phylogenetic trees of RT and RNase H revealed that copia
elements were separated into two clades, in that PyREIOG grouped along with GalEa
family elements and formed as a separate clade. On the other hand, the phylogenetic tree
of integrase suggested that PyREIOG along with GalEa group elements stands within the
gypsy elements and outside the copia group. I] yREIOG is the first example of a chimeric
composition of copia- and gypsy-like polyprotein genes in a single element and of the
occurrence of a plant retrotransposon closely related to GalEa elements.
1
Introduction
Eukaryotic transposable elements are divided irrto two major classes according to
whether their transposition intermediate is RNA or DNA (Bennetzen, 200e; Kumar and
Bermet2K)n, 1999). These RNA- and DNA-dependent transposable elements are called as
retrotransposons and transposons, respectively. Each group of two elements contains
autonomous and non-autonomous elements. Autonomous elements have either one or
multiple open reading frames (ORFs) encoding the products required for transposition.
Non-autonomous elements have no OR[F and their transposition mechanism remains
unclear. Autonomous retrotransposons are classified･ into long terminal repeat aTR)-
containing retrotransposons' and LTR-lacking elements known as LINEs (leng
interspersed nuclear elements) (Re£1). L'IR retrotransposons encode gag, protease,
integrase, reverse transcriptase (RT), and RNase H, while LINEs encode gag,
endonuclease (EN), RT and RNase H (Bennetzen, 2000; Kumar and Bennetzen, 1999).
The fu11-length elements of these groups have been reported in a wide variety of plant
species of seed plants (Kumar and Bennetzen, 1999).
  Although the gene composition varies between different types of retroelements, all
autonomous retrotransposons possess an RT gene that is usually fo11owed by an RNase H
gene (Kumar and Bennetzen 1999). The RT gene is absent in the nuclear genome of
eukaryotes, but fbund in some bacterial RT elements such as bacterial retrons and
mitochondrial retroplasmids (Xiong and Eickl)ush, 1990). Phylogenetic studies ofR Ir and
RNase H sequences suggest that retrotransposons are derived from bacterial RT elements
2
and that LINEs are older than L[[R retrotransposons (Xiong and Eickbush, 1990; Malik
and Eickbush, 200l).
  L[R-containing retrotransposons are funher divided into 1]vlfeopia and 71Y3Zgypsy
elements, which are abbreviated hereafter as copia and gypsy, respectively (Re£1). The
two types can be distinguished by nucleotide sequence differences in their cata-1ytie
enzymes and an inversed gene arrangement order of integrase and RTIRNase H. Though
RTs ofLTR retrotransposons are believed to be derived from bacterial elements, there is
no information about when or how the different orders of gene arrangement were
constmcted. To understand the evoiutionary history of L[[R retrotransposons,
characterization of L'I[R retrotransposons in primitive eukaryotes is necessary. So fbu,
dsseL in the green alga J7btvox carteri is the only example for the fu11-lengh eopia
retrotransposon among plant species other than vascular plants (Lindauer et al. 1993).
 Red algae are known to be derived from a primitive plafft lineage. Recently, the whole
genome sequence of a small unicellular red alga, (lyanictioscltyzon merolae, was
ammounced (Matsuzaki et al. 2004). Asi investigation on the genome data reported that C
merolae possesses RT sequences related to LINEs but lacks L[[R retrotransposons
(Nozaki et al. 2007). On the other hand, a maero red alga, Porpbyra yezoensis, possesses
RT sequences of copia- and gypsy-like retrotransposons (Zhang et al. 2006). Further, a
cDNA encoding RT sequences (lb7RE2t4) isolated from P. yezoensis showed a unique
structural feature in that RyRE2,4 possesses RT and RNase H genes closely related to
those of Vbtvax copia retrotransposons but lacks the rest of the genes present in typical
eopia-retrotransposons (Zhang et al. 2006). It was speculated that the red algal cDNA
could be a single RT/R[Nase H gene and a progenitor of copia retrotransposons. However,
3
it remained unclear whether Porp1tyra may possess usual retrotransposon. Subsequently,
I thouglrt that isolation and characterization of different families of LrlER retrotransposons
from Porphyra could provide valuable information about the evolution of L'IR
retrotransposons in plants. In this study, a copia-1ike element RyREIOG encoding the
same proteins as LTR retrotransposons was isolated from the genome of P. yezoensis,
and showing phylogenetically closer relation to GalEa family, a new clade of copia-
retrotransrposons distributed only among aquatic animals (Terrat et al. 2008). PyREIOG
sequence data suggests that the RT[RINase H sequences are closely related to those of
copia-like retrotransposons but the integrase sequences are related to g)psy-like elements.




Plant material and culture conditions
Gametophytic blades of Porp]tyra yezoensis (strain TU-1, Kuwano et al. 1996) were
                    'grown in a medium containing 3.5% Sealife powder Ovlarintech Co., Ltd. Japan) and 1%
(vlv) ESS2 stock solution (PH 8.0) (Nikaido et al. 2000). The concentration ofnitrate in
the medium was changed to 2.8 mM. The culture fbr gametophytes of P. yezoensis was
maintained at 150C on a photoregime of 10 hours lighti14 hours dark with illumination
from cool white fiuorescent lamps (4,500 lux) and constant air bubbling. Young thalli
(less tlian 3 cm in length) germinated from monospores were used as the sample.
Isolation of genomic DNA
Total DNA was extracted from young blades in 100 mM Tris-HCI, 1.5 M NaCl, 20 mM
EDTA, and 2% hexadecyltrimethylammonium bromide (CTAB) aocording to the method
ofApt and Grossman (1993) with some modifications. The young blades ofP. yezoensis
were finely ground in liquid nitrogen, mixed with extraction buffer at a ratio of 1:20 wfv
and 600 pl of B-mercaptoethanol. The solution was gently mixed on shaker at room
 'temperature fbr 25 min. Following TE (10 mM Tris-HCI pH 8.0, 1 mM EDTA)-phenol,
chloroform extraction, and centrifugation at 1500 xg fbr 10 min, the DNA was
precipitated from the liquid phase adding 1 vol isopropanol, and centri.fugation for 30 min
at 1500 xg at room temperature. The precipitate was washed with 70% ethanol, air dried
and resuspended in 600 pl of TE buffer. The resuspended solution was treated with
DNase free RNase (500 pglml) in 5 M NaCl and 5% CTAB (buffer-B) for 30 min at
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370C. Following TE-phenol and chloroform extraction, the samples were precipitated
with ethanol, resuspended in TE buffer and stored at 40C.
Self IigatiQn of genomic DNA
One microgram oftotal genomic DNA was digested with 10 units of selected restriction
enzyme over night at 370C. After the incubation time, the samples were treated with
phenoYchlorofbrm/isoamylalcohol (25:24:1) and chlorofbrm. Finally, the samples were
purified by ethanol precipitation. The pur'ified restriction fragments were self ligated with
solution I from ligation kit (Takara Bio, Japan) overnight at l40C and purified again by
ethanol precipitation. The pellet resuspended in 1O pl SDW.
Inverse polymerase chain reaction (IPCR)
Self ligated DNA sample was used for inverse PCR with outward primers specific to the
known region on R}2REIOG element. Inverse PCR was carried out in a 50 pl reaction
mixture containing 2 pl self ligated DNA, 200 pM dNTPs, 5 pt1 blend buffer, 20 pmoles
of each forward (Takada-Fl: 5LGCAAGCGTATCCGTGATGAAG-3') and reverse
(PyRl-5'-TCCTTGTTGTCGAGTGCAAC-3) primers, and O.5 pl 7bq polymerase (2.5
U/pl). The conditions used were: initial denature temperature at 94 OC fbr 5 min, 35
cycles of 94 OC fbr 1 min, 58 OC fbr 1 min, and 72 OC for 3 min. Final elongation was at
72 OC for 7 min. The resulting PCR fragments were screened by Southern hybridization
and sequenced.
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Isolation ofllyREIOG from genomic DNA
The fu11 length element was isolated from genomic DNA using 2 step long and accurate
polymerase chain reaction (LA PCR) which was carried out using LA PCR kit (Takara
Bio., Japan) in a 50 pl reaction mixture contained 100 ng genomic DNA, 200 pM dNTPs,
5 pl LA buffer (Mg2" free), 2 mM MgCl2, 10 pmoles of each forvvard (LAI: 5'-
TGCCTACGGCACGCTCAAGAC-3') and
reverse (LA2: 5'-GCTACCGTTCCGACATCTTG-3') primers and O.2 pl of LA 7bg
polymerase (5 Ulpl). The PCR conditions were initial denature temperature at 940C for 2
min followed by 40 cycles of960C for 20 sec, and 660C fbr 6 min. Final elongation was
at 720C fbr 7 min. The PCR product of al)out 4.6 kh was extracted from the agarose gel
and cloned into the pT7Blue vector using a TA cloning kit (Invitrogen, USA) according
to the manufacturer's instructions. The nucleotide sequences were detected with CEQ@
2000XL DNA analysis system (Beckman Coulter, USA) and Dye Terminator Cycle
Sequencing (DTCS) - Quick Start Mix kit (Genorne Lah, Becknan Coulter, USA). A
4,581 bp sequence encoding the fu11-length ORF of copia-like elements was
characterized and referred to as RyREIOG.
Southern hybridization
Total genomic DNA (lpg) was digested with restriction enzymes (IO U). The digested
DNA fragments were fractionated en O.8 % (wlv) agarose gel in TAE buffer, hydrolyzed
with O.25 N HCI, denatured in O.5 N NaOH and 1.5 M NaCl, and then blotted onto
positively charged nylon membranes (Biodyne@B, PALL, USA) by capillary action in 1O
× standard saline citrate (SSC). For hybridization, the digoxigenin (DIG)-labeled DNA
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probes complementary to the gag region (390 bp) and RT region (758 bp) were
synthesized using a PCR DIG Probe Synthesis Kit (Roche Diagnostics, Mannheim,
Germany) with primer set ofGag-Fl : 5'-GGCTACAAGATGCTCCTCGAC-3' ,
Gag-Rl: 5LATGCTCGCCGTATGTCACCA-3' for gag probe (Pl) and RT-Fl: 5L
TCGAAGCAGGAGCAAGAGG-3', RT-Rl: 5'-CGGTCATGAGCTTGAAGACA-3' for
RT probe (P2). The PCR conditions used for these probe synthesis are initial denaturing
at 94eC for 2 min foIIowed by 35 cycles of940C for 30 sec, 560C el)1 600C (P2) for 50
sec and 720C for 50 sec.
 The mernbranes were prehybridized in buffer containing 5 × SSC, 10mmol/L sodium
phosphate buifer, pH 6.5, O.1% (w/v) SDS, 50% (v/v) formamide, O.2% (wlv) PVP, O.2%
(wfv) Ficoll, O.2% (wlv) BSA and O.Ol% (w]'V) boiled salmon sperm DNA.
Hybridization was perfbrmed in the same buffer with DIG-labeled probes for 16 hrs
(Suzuki et al. 1998). I he membranes were washed twice for 15 minutes in 2 x SSC, O.1%
(Vv/v) SDS at room temperature, and twice for l5 minutes in O.1 x SSC, O.1% SDS at
650C. The hybridized probes were immuno･-detected with an alkaline phosphatase-
coajugated anti-digoxigenin antibody and visualized with CSPD chemiluminescence
substrate as per the supplier's instructions (Roche Diagnostics).
Alignment and phylogenetic analysis of sequences
The sequences of other retrotransposons were obtained frorn DDBJ, EMBLIGenl3ank
database and the sequence files vvere created with Genetyx-WIN software. Multiple
alignments of conserved domains of PyREIOG with other retrotransposons were created
by ClustalW and manually adjusted (Thompson et al. 1994). The Neighbor-Joining
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phylogenetic trees were constructed using MEGA 3.1 software (Kumar et al. 2004) wnh





Previous experiments in our laboratory, the nucleotide sequenees of a Porpbyra yezoensis
EST clone, AV430372, were analyzed and suggested that it was a 5'-end truncated gene
fragment (3,540 bp) encoding RT and RNase H related to those of cqpia-
retrotransposons (Fig. IA). Then, by inverse PCR and LA-PCR, I isolated a genomic
DNA fragrnent of4,581 bp length (IlyREIOG) from P. yezoensis (Fig. IB & Fig. 2). The
nucleotide sequences of the EST clone AV430372 were completely identical to that of
P),REIOG within the overlapping region. ,P)7REIOG contained a putative ORIT with 1,431
arnino acids, although one stop codon was present within the frame (Fig. IB `8t Fig. 2).
The nucleotide sequence of PIyREIOG was entered into DDBJ, EMBL, and GenBank
nucleotide sequence datahases with the accession number AB286055.
  By inverse PCR, about 1.65 kb flanking sequence at 5' end ofPyREIOG ORF was also
isolated (Fig. IC). The nucleotide sequences of 5' untranslated region (5' UTR) and 3'
UTR are shown in Fig.3. LTR retrotransposons are characterized by the presence of
identical or similar long terminal repeat aTR) sequences at both the ends of the ORF
(Ref 1). LTRs comprise U3, R, and U5 regions which contain the signaling sequences
for the start and termination of transcripts. AV430372 contained poly A tail at 3' end,
which is considered to be the part of 3' LTR region. However, I could not find any
sequenees related to 3' UTR ofAV430372 within the 5' UTR region. I did not isolate any
larger firagrnent of 5' UTR by inverse PCR. ln the present study, therefbre, the
characterization ofPyRE1OG was focused on ORF encoded genes.
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Gene structure and cepy number of copia-like element, IlvREIeG
P yREIOG contained a putative ORF with 1,431 amino acids although one stop codon was
presefit within the frame (Fig. 4A). BlastX search (Altschul et al. 1997) results for
candidate proteins encoded by PyREIOG showed that gag and protease regions of
PyREIOG were weakiy related to those of viruses. The amino acid sequences of
PyRE1OG gag and protease were compa3red with those ofviruses and retrotransposons.
  Gag is a 5' end gene that encodes structural proteins of virus like particles which
involves in maturation and packaging of mRNA and proteins into a suitable form for
integration into the genome (Kumar and Bennetzen, 1999). Nucleic acid binding proteins
are the small protein products of gag polyprotein, which binds to RNA within the virion
             '
(Prats et al. 1988). A i4 residue CCHC (C-X2-C-X4-H-X4-C) conserved motif observed
in all these proteins was also identified in PyREIOG gag protein (Fig. 4B). Protease of
pol proteins involves in the cleavage of gag-pol polyprotein to functional peptides. 'IIhese
proteases like sequences are divergent and belong to different family groups. Group II
mitochondrial introns also contain three domains characteristic of retroviral protease
sequences but not closely related to any retroviruses or retrotransposons (MeClure, l991).
I aligned the PyREIOG protease sequences with viruses and other LTR retrotransposon
proteases. The three conserved domains of protease sequences of viruses were partially
preserved in PyREIOG as in other LTR retrotransposons (Fig. 4C). Fumher, BlastX
search suggested that PyREIOG possesses integrase, RT and RNase H sequences in the
order of the arrangement as shown in Fig. 4A and Fig. 5. Based on the order of
polyprotein gene arrangement, P>iREIOG can be considered a copia-like retrotransposon.
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Southern hybridization of P. yezoensis genomic DNA with probes against gag and RT
indicated that RyREIOG exists as a single copy in the genome (Fig. 6).
  Since phylogenetic relationship of retrotransposons has been evaluated through
sirnilarities between the conserved domains ofRT (Xiong and Eickbush, 1990), R[Nase H
(Malik and Eickbush, 2001; Malik, 2005), and integrase (Capy et al. 1996), I compared
the amino acid sequences of respective conserved domains of ,PIyREIOG to those of the
red algal IlyRE2A (Zhang et al. 2006) and other retroelements.
thpia-like sequences of RT and RNase H
RT is found in a wide variety of organisms from bacteria to retroviruses. Most RT
sequences have seven conserved domains, but copia retrotransposons lack the sixth
domain (Xiong E[nd Elckbush, 1990). The RT of PyREIOG alignment also shows the
absence of 6th domain as in PyRE2A and other copia-like retrotransposons (Fig. 7A). Fig
7B shows the phylogenetic tree constructed by using amino acid sequences of RT region.
Most recently, a new group of copia-like retrotransposons (Gallla family elements) was
identified (Terrat et al. 2008). Therefbre, Gallia family genes were also used for analysis.
The phylogenetic tree revealed that copia-elements were separated into two clades and
that PyREIOG grouped along with GalEa family elements, and formed as a separate clade
ofcopia-elements.
  RNase H is involved in the cleaving of the RNA strand in RNA-DNA hYbrids during
cDNA synthesis. RNase H domains have been found in all Eukarya, one Archaea, many
Eubacteria, a few non-LTR retrotransposens, and all LTR retrotransposons (Malik and
Eickl)ush, 2001). Determination ofphylogenetic relationships ofretrotransposons through
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similarkies between conserved domains of RNase H proteins has been reported (Malik
and Eickbush, 2001 ; Malik, 2005). Based on these similarity studies, I aligned the RNase
H catalytic domains of PyREIOG along with those ef the red alga･-derived PyRE2A and
LTR retrotransposons aig. 8A). The residues believed to be important for the cata1ytic
activity of RNase H, (DIO, E45, D70, and D134), were entirely conserved in PyREIOG
as in other retrotransposons. A Neighbor-Joming tree of 158 amino acid sequences from
PyREIOG RNase H domains was constructed in comparison with Eukarya, Embacteria,
non-LTR and LTR retrotransposons to analyze the evolutionary relationship ofPyRE1OG
(Fig. 8B). The phylogenetic tree suggests that PyREIOG along with GalEa elements
located within the clade ofcopia elements.
(il)?psy-like sequences of PyREIOG integrase
Integrase is required for insenion of the DNA form of the retrotransposon into a new
chromosomal location. The HHCC signature of integrase is conserved in retrotransposons
and retroviruses, whereas the DDE signature is conserved in the integrases of LTR
retrotransposons, retroviruses, and the transposase of DNA transposons (Khan et al.
1991). The DDE signamre is identified to be crucial for the integration ofthese elements
(Kulkosky et al. 1992). The integrase sequences of PyREIOG were aligned with
integrases of copia- and gypsy-like retrotransposons. The alignment showed a perfect
conservation of HHCC and DDE signatures in PyREIOG integrase (Fig. 9A & B).
Although it was difficult to evaluate whether PyRE1OG integrase is more related to copia
or gypsy integrases, a BlastX search suggested that PyRE10G integrase was most related
to integrases of gypsy-like retrotransposons (data not shown). in a phylogenetic tree
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using the region of the DDE signature, copia- and gypsy-like retrotransposons were
reported to stand in different clades (Capy et al. I996). I therefore, constmcted a DDE
region phylogenetic tree using nucleotide sequences because the number of amino acids
in this region was relatively small compared to RT and IBNIase H coding regions. The tree
revealed that PyREIOG integrase is located within gypsy-Iike tetrotransposons and
grouped in separate clade along with GalEa elements, whereas all integrases from other
copia-Iike elements stand within the copia clade (Fig. 9C).
 integrases of gypsy elements usually contain GPF(Y) motif at downstream from DDE
domain and some of them contained chromodomain-like module at C-terminal region
(IMalik and Eicld)ush, 1999). The fuflction of GPF(Y) motif was not identified but, the
chromodomain-like module was found to be functionally involved in transposition ofthe
MAGGY retrotransposon (Nakayashiki et al. 2005). I therefore aligned the C-terminal
sequences of PyREIOG integrase with Drosophila chromoprotein, Polyeomb, and
chromodomain-containing gypsy elements (Fig. 10A). I found partially conserved
chromodomain sequences in PyREIOG integrase, but did not observe the GPF(Y) moti£
On the other hand, PyRE10G integrase did not show a GKGY motif at about 60 residues
downstream of the DDE motig a universal feature of copia elements integrases
(Peterson-Burch and Voytas, 2002). I found neither chromodomain nor GPF(Y) motif in
GalEa group retrotransposons. Instead, a DNA binding domain, which is conserved in
retrovirus integrases (Puras Lutzke and Plasterk, 1998), was identified at the downstream
from the DDE domain. Comparison of integrase C-terminal of PyREIOG with that of
GalEa elements indicated that PyREIOG integrase partially conserved the DNA binding
domain (Fig 1OB). GalEa elements also did not show the GKGY moti£
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Discussioll
PIyREIOG is the first indication that P. yezoensis possesses a retrotransposon-like gene
encoding gag and polyproteins. Two prominent properties ofPIyREIOG were recognized.
The first was that b7REIOG was most related to aquatic animal specific GalEa family
genes. GalEa elements isolated from galatheid crabs are deposited in the public database
as unpublished data. Most recently, Terrat et al. (2008) reported that GalEa elements are
closely related to copia-like elements in phylogenetically distant animals such as Ciona
intestinalis, 07pzaias kitipes, and Danio rerio and concluded that GalEa group is a new
clade of eopia-like retrotransposons specific to aquatic animals (Terrat et al., 2008).
Considering the distribution of GalEa elements among phylogenetically distant aquatic
animals, Terrat et al. (2008) speculated horizontal gene transfer as one reason for the
imusual distribution. The present data raise the possibility that GalEa group element
exists in plants.
 The second uriique property of llyREIOG was that the PyREIOG integrase was more
related to gypsy retrotransposons than copia elements. This was unexpected result in that
PyREIOG can be gromped into a eopia element using the usual criteria such as the
arrangement of gene order (Fig. 4A) or sequence similarity of RT and RNase H region
(Fig. 7 and 8). So im, J7blvox Osser is the only single example of a fu11-length copia
retrotransposon published other than those found in seed plants (Lindauer et al. 1993).
Based on the gene order and similarity ofRT and RNase H sequences, Osser is defined as
a copia-like element. in the present study, the integrase sequence of Osser was related to
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those of copia-like elements (Fig. 9C), contrasting with the imique property ofPyREIOG
.mtegrase.
 Based on the gene structure, 1))7REIOG seems to be a chimera of copia- and gypsy-
elements. A hybrid element of copia retrotransposons, 7]Yl/7]v2, is observed in
S27ccharonryces cerevisiae and its generation has been explained by recombination due to
two RT-mediated template switches between 7)71 and 7]v2 families (Jordan and
McDonald, 1999). Template switching is recognized as a mechanism fbr generating
chimeric (hybrid) elements between different family elements. However, this process
cannot explain the origin of1lyREIOG, because the RT/RNase H and integrase genes are
afranged in different orders between copia and gypsy elements.
 Retroelements are known to capture host genome sequences through a process known
as transduction (Bureau et al. 1994; Palmgren, 1994). Some LTR retrotransposons have
been found to eontain a retroviral envelope-like gene (Britten, 1995; Laten et al. 1998;
Wright and Voytas, 1998). Therefore,, retroviruses are speculated to have evolved from
retrotransposons by capturing an envelope gene (Malik and Eickbush, 2001). On the
other hand, LTR retrotransposons are also believed to be derived from common segments
including RTs gene by acquisition of retrovirald-like polyprotein genes (McClure, 1991;
Malik and Eickbush, 2001). However, direct evidence fbr this concept has not been
demonstrated. The unusual structure of P)vREIOG evokes the idea that copia-like and
gypsy-like polyprotein genes might have fused during the evolution ofl])2REIOG.
 Several models fbr the evolution of retrotransposons have been provided. Non-LTR
retrotransposons are believed to be more primitive than LTR retrotransposons in that the
RT sequences (Xiong and Eickbush, 1990) and RNase H (Malik and Eickbush, 2001) of
16
non-LTR retrotransposons are more related to those ofbacterial elements. Since non-L"IR
elements do not encode integrase genes, the acquisition of integrase in LTR
retrotransposons seerns to be a key step in the evolution of LTR retrotransposons. From
the sequence similarities among integrases of LTR retrotransposons and, DNA
transposases, Capy et al. (1996) postu1ated that the integrase of LTR retrotransposons
originated from bacterial insertional elements. According to a model proposed by Malik
and Eickbush (2001) and Malik (2005), at the early stage of LTR retrotransposon
evolution, the transposase gene was fused with an ancestor ofnon-LTR retrotransposons.
The order of arrangement of integrase and RTIRNase H genes is difl}:rent between copia
and gypsy elements. In copia elements, the integrase gene is located upstream of the
RTIRNase H region, while the inverse occurs in gypsy elements. It is therefore speculated
that the transposase captured upstream RTIRNase H gene evolved into an extant copia
retrotransposon, while downstream insertion of RTIRNase H evelved into a gypsy
retrotransposon. These models are essential fbr explaining how copia and gypsy elements
have diverged. However, no evidence supporting this model has been found for extant
LTR retrotransposons. The present data is the first indication that P. yezoensis
retrotransposon possesses copia-like RTIRNase H and gypsy-like integrase. I also fbund
that GalEa elements also seem to be chimera of eopia and gypsy elements. The sequences
of integrase, RT and RNase H ofPyRE1OG were most related to those of GalEa elements
(Fig. 7, 8 and 9). Therefore, I tentatively speculate that at the early stage of generation of
PyREIOG/GalEa family, a transposase gene that evolved into extant gypsy-like
retrotransposons was fused upstream of the RTIRNase H gene. This assumption evokes
an additional question whether an element with copia-like integrase and gypsy-like RT
17
may exist. Isolation and characterization of other retrotransposons from P. yezoensis will
provide additional information about evolution ofLTR retrotransposons.
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A. LTR retrotransposons
Copia Pr6t RNase H




Re£ 1 General structure of retrotransposons. (A) The two types of long terminal repeat
(LTR) group elements, copia and sppsy with ORF genes Gag, protease (Prot), integrase
(Int), reverse transcriptase (RT), and RNase H. LTR sequences are fianking at 5' and 3'
ends of LTR retrotransposons. (B) Non-LTR retrotransposons, LINEs and SINEs. Both











      - -->       - IpcR=9:iS
Fig. 1 Illustration ofPyRE1OG isolation.
(A) Porphyra yezoensis EST clone AV430372 contains RT and RNase H. (B) A
genomic DNA fragment of4,581 bp (PyREIOG) was isolated after inverse PCR
and LA-PCR. (C) A 1,657 bp length sequence including 5'UTR of PyREIOG









G.CCGGCCAAGACCGACC.AGGCCGGGTGCTGGTA¢TGCGGGAAGAGCGGCCACGTTCGCCGGGACT'GCCGCAAGCGT.A' tCCGT GATGAAGCCAG9TCGGC GACA.C C' TCCTGTGCCGCCGCC
GAcAAAccGGccqcccAccGGcGAAGAGGcGTTcGTcTcGcAcAAGAcGGcGcACcTAGT
GCTGCTGGqGG.AAGG.C. AllGGACGqGACGGGCCTGGGGGeACGCA. CCGGCGACGTTATCTT
t.. .t .t .. ..  ... t. t.t t .tt ..t t /.. t. .. .. . ... .. t . .t. ..GGACATCGGCGC9.A9gN.TCCACCATCGCGGGTGCCGCA TGGGTCGCCGCATATGTCAGCCG
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Fig. 2 Nucleotide sequence ofPyREIOG registered with DDBJ data bank (Accession No.









































































Fig. 3 [lhe flanking sequence of5' and 3' end ofPyREIOG open reading frame. Total 1,657
bp flanking sequence is available at 5' end. 'llie 3' flanking sequence is from cDNA copy of
PyREIOG (AV430372) which shows the poly A tail at the end.
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Fig. 4 A schematic representation of the gene structure of IlyREIOG and alignment of
gag and protease regions. (A) The position of translation start codon and stop codon are
indicated as the base pairs in the parenthesis. The asterisk at integrase region indicates the
stop codon. (B) Amino acid sequences ofthe nucleic acid binding domain ofgag proteins.
(C) Amino acid sequences conserved in protease of viruses and retrotransposons.
Conserved residues are indicated above the alignment. Accession numbers of the element
are PyREIOG (this study, AB286055), HIV-1 (M93258), }ITLV-I (AF033817), Copia
(Ml1240), RIREI (D85597), Ttol (D83003), Tntl (X13777), Osser (X69552), Ta13
(X13291), Ty3 (M23367), Gypsy (M12927).
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Fig. 5 Amino acid sequence of PyREIOG ORF region. A total of 1,433 residues. The
conserved domains ofgag-pol proteins are shaded in grey and indicated with corresponding
protein names. Stop codon at integrase region is indicated with asterisk.
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Fig. 6 Southern blot analysis oftotal DNA.
Total DNA (1pg) was digested with restriction enzymes Pvull (P) and KPnl (K).
The undigested (U) and digested DNAs were transferred on the membrane and
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Fig 7(A) Multiple alignment of RT domains of PyREIOG, PyRE2A and other
sources. [[he seven domains were indicated with bars and roman numbers and the
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Fig. 7(B) Neighborjoining phylogenetic tree of RT conserved domains of
PyREIOG, PyRE2A with other retrotransposons. The bootstrap values above 50%
were indicated on the nodes. Accession numbers of the retrotransposons used,
BAREI (Z17327), PyRE2A (AB248913), Hopscotch (U12626), Stonor
(AF082133),GalEal (EU097705), Cicol <DQ913003), Olcol (DQ913000), Zecol
(DQ913001), TED (M32662), Sushi (AF030881), MAGGY (L35053), Skippy
(L34658), Osvaldo (AJ133521), 412 Q<04132), Saci-2 (BKO04069) Cin4 (YOO086),
RIDm (P16425), Jockey (P21328), Tl (B34751). Accession numbers of other
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Fig. 8(A) Multiple alignment ofRNase H domain.
Alignment of catalytic domains of RNase H was construtcted according to Malik
and Eickl)ush (2001). The two elements PyREIOG and PyRE2A were aligned with
other retrotransposons and conserved sequences were highlighted. The catalytically



























































   O.1
Fig. 8(B) A Neighbor-Joining tree of R]Nase H domains of elements from
Eubacteria, Eukarya, non-LTR and LTR retrotransposons. Accession numbers of
the retrotransposons are Lian (U87543), MGL (AFO18033), Schizosaccharonryces
(AF048992), Giarcfia (AACBOIOOOI12), Caenorhabditis (U41994), 71hermus
(X60507), and Hdemophilus (AEO17143); and those already mentioned in the
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Fig. 9(A) and (B) Multiple alignment of imegrase HHCC (A) and catalytic DDE
motif (B). The residues are mentioned al)ove the alignment. Asterisk in PyREIOG
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Fig. 9(C) A Neighbor-Joming phylogenetic tree of amino acid sequences of DDE
region was constmcted with MEGA3 software. Bacterial insenion elernent IS630
was rooted as ontgroup. The bootstrap values calculated for 1000 replicates,
included on the nodes are al)ove 50%. Accession numbers are RIRE2
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Fig. 10 (A) Alignment ofPYREIOG C-teMimal putative chromodomain sequences
with D.melanogaster Polycomb chromoprotein and other chrornodomain
containing gypsy retrotransposons. The conserved amino acids were shaded in
black (B) Alignment of integrase C-terminal region of PyREIOG with GalEa
group elements. DNA binding domain region in GalEa group was indicated with
bold bar. ln the DNA binding region identical residues among GalEa elements and
corresponding residue in PyREIOG are highlighted. The numbers mentioned fbr
GalEa elements are 'nucleotide number of the corresponding region, because the
ORF contained stop codons and frameshifts. For PyREIOG, its amino acid
number. Accession numbers of the elements used here were, Polycomb (P26017),
Grh (M77661), and Del (X13886), rest of the elements accession numbers were
mentioned at previous figures.
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                           Chapter 2
   A typical copia-like retrotransposon, PyREIGI in a red alga,
                       Porphyra yezoensis
Abstract
A eopia-Iik6 retrotransposon, termed as P)LREIGI was isolated frorri the genome of red
alga, Porp]tyra yezoensis. RyREIGI is 4,807 bp in length, with 204 bp Iong terminal
repeats at both the ends. Ib2REIGI has an ope4 reading frame (ORF) of 1,401 residues
encoding gag, protease, integrase, reverse transcriptase (RT), and RNase H as similar in
order to the copia-like retrotransposons. Genomic Southern blot analysis suggests that
I))2REIGI consists of a small gene family. From the phylogenetic trees of ORF pol
protein sequences, .l))iREIGI is groirped in the clade of typical copia-elements and
distinct from the previously isolated red algal copia-like gene, fyREIOG in that the latter
is closely related to a new clade of aquatic animal specific copia--like retrotransposons.
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Introduction
Retrotransposons, which transpose through the reverse transcription of their mRNA
intermediate, are the most abundant and widespread class of eukaryotic transposable
elements (Kumar and Bennetzen, 1999). They are separated into two broad groups, the
Iong terminal repeat (LTR) and non-LTR retrotransposons. LTR retrotransposons encode
a nucleio acid-binding protein (gag) and enzymatic polyproteins (protease, integrase,
reverse transcriptase (RT), and RNase H). They are further classified into two major
families, the Tyllcopia and Ty31gypsy groups, which are referred to hereafter as the
copia and gypsy groups, respectively. Both can be distinguished by inversed order ofthe
gene arrangement of integrase and RT/RNase H. Non-LTR retrotransposons also consist
of two groups, long interspersed elernents (LINEs) and short interspersed elements
(SINEs). LINEs encode an RT and often an endonuclease, while SINEs lack a
discernable open reading frame. Both LTR and non-LTR retrotransposons are widely
distributed ameng vascular plants, but less is known about retrotransposons from algae.
  Phylogenetic studies of RT sequences have suggested that retrotransposons are derived
from bacterial RTs and that non-LTR retrotransposons are older'than LTR elements
(Xiong and Eickl)ush, 1990; Malik and Eickbush, 2001). However, there is no
infbrmation about when and how the different order of gene arrangement between copia-
and gypsy-elements was constructed. Characterization of LTR retrotransposons in
primitive eukaryotes is necessary to understand the evolutionary history of LTR
retrotransposons. Full-length sequences of LTR retrotransposons have been reported for
green algae including Vblvox (Lindauer et al. 1993) and Chlanrydomonas (Perez-Alegre
et al. 2005), cryptomonad algae (Khan et al. 2007) and the diatom 77ealasssiosira
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(Kohany et al. 20e6). The small unicellular red alga (lyanidiosc]tyzon merolae does not
possess LTR retrotransposens (Nozaki et al. 2007). On the other hand, two genes
encoding copia-like RTs referred to as P)iRE2A (Zhang et al. 2006) and IIJ,REIOG
(Peddigari et al. 2e08) were isolated from the macro red alga Porp]tyra
yezoensis. However, both the elements showed an unusual gene structure. RyRE2A
contained only RT and RNase H genes and lacked other polyprotein genes. PbiREIOG
encoded all five protein genes, showing its gene arrangement to that of a eopia element.
Amino acid sequences ofRT and RNase H also support that PyREIOG belongs to a copia
group. However, PyREIOG integrase was more related to gypsy than copia
retrotransposons. Since both elements contain stop codon(s) in the putative ORF, it
remains possible that the unusual structure ofthese elements is derived from degeneration
ofthe gene. Hence, I have tried to isolate copia-like retrotransposons with complete
stmcture from P. yezoensis.
  Here I report a retretransposon gene ofP. yezoensis named RyREiGI which possesses
the typical gene structure ofcopia elements ofseed plants. The gene stmcture of
Il)tREIGI was also compared with that ofP vREIOG.
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Materials and Methods
PIant material and genomie DNA isolation
Gametophytic blades ofPorp]tyra yezoensis were cultured as described in Chapter 1.
Total DNA was extracted with a buffer containing 100 mM Tris-HCI, 1.5 M NaCl, 20
mM EDTA, and 2% hexadecyltrimethyl ammonium bromide (CTAB) according to the
method ofApt and Grossman (l993).
Self ligation and Inverse PCR
One microgram of genomic DNA was digested with restriction enzymes Apal (1O U), and
self ligated with solution I from a ligation kit (Takara Bio, Japan) overnight at 14 OC.
inverse PCR was carried out on the self ligated DNA samples with outward primers
(PyCl-F2: 5LCTAAGGCCGACAAGTGCCTCTAC-3' and PyCl-R2: 5'-GCCGTACAT
CGCCTGCTGTAGCAG-3') specific to the known region on the PbvREI element. The
PCR conditions used were initial denature temperanire at 94 OC for 5 min, 40 cycles of94
OC for 30 sec and 66 eC for 6 min. Final elongation was at 72 eC for 7 min. The resulting
PCR fragments were screened by Southern hybridization and sequenced.
Isolation ofl!J7REIGI from genomic DNA
The full length element was isolated from genomic DNA using two-step long and
accurate polymerase chain reaction (LA PCR) method as described in chapter 1 with the
primer set og REIGI-Fl: 5'-GGCCATGTTGTGGGGTACGGTCTG-3' and REIGI-Rl:
5'-GTCCACATGACCCATGGCCTGTTACG-3'. The PCR product of about 4.8 kb
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fragment was extracted from the agarose gel and the nucleotide sequences were
determined.
Southern hybridization
Total genomic DNA (1pg) was digested with restriction efizyrnes (10 U) KPnl (K) and
Pstl (P). The digested DNA fragments were fractionated on O.8% (wlv) agarose gel,
transferred on to membranes (Biodyne B, PALL,. USA). The digoxigenin (DIG)-labeled
DNA probes complementary to RT (185 bp), gag (423 bp) and LTRs (204 bp) were
synthesized with the primer sets RT-Fl: 5'-ACCTGTATGCACCGATGGAC- 3', RT-
Rl: 5'-GCACTTGTCGGCCTTAGACT-3' for RT probe (Pl), Gag-Fl: 5'-ATCACCAA
CAGGCTGATGGAGAC-3', Gag-Rl:5'-TCACCTCGTCGTTCGGTTTGG-3' for gag
probe (P2), and LTR-Fl: 5'-･TGTTGTGGGGTACGGTCTGTA-3', LTR-Rl: 5'-TTGT
GATGCAAACGTAAGCGCGTTGC-3' for LTR probe (P3). The PCR conditions used
for these probe synthesis are initial denamring at 940C for 2 min fo11owed by 35 cycles
of 94eC for 30 sec, 600C fbr 50 sec and 720C for 50 sec. Prehybridization, hybridization
and washings were carried out as mentioned previously (Suzuki et al. 1998).
PCR for RT region sequence analysis among lb7REIGI eopies
The genomic DNA was digested with 1<Pnl (10U) restriction enzyme ovemight, and
sample was run on O.8% agarose gel. The regions ofllyREIGI copies were gel extracted
and purified with Wizard SV gel and PCR clean-up system (Promega, USA) according to
the instructions. The purified samples were PCR amplified with RT region primers RT-
Fl:5'-ACCTGTATGCACCGATGGAC--3' and RT-Rl:5'-GCAATTGTCGGCCTTAGA
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CT-3', which can produce 185 bp length fragments of reverse transcriptase gene in a 50
pl reaction mixture containing 1 pl gel purified DNA, 200 pM dNTPs, 5 pl BIend 7bg
buffer (Takara Bio, Japan), 10 pmoles of each primer and 1.25 U 7bg polymerase
(Takara Bio). The PCR conditions used were initial denaturing at 940C fbr 2 min
fbllowed by 35 cycles of 940C for 30 sec, 600C for 40 sec and 720C for 50 sec.
RNA isolation and RT-PCR
Total RNA was isolated frorn Ieafy garnetophytes with the Sepasol･-RNA I super mix kit
([Nacalai tesque, Japan) aecording to the manufacturer's instmctions. Gametophytes (25
ing fresh weight) were ground in liquid nitrogen and mixed with lml Sepasol RNA I
Super mix from the kit. After 5 min incubation at room temperature, the solution was
treated with 200 pl of chlorofbrm for 3 min, and centrifuged at 12000 xg for 15 min at
40C. The RNA was precipitated from the supernatant by adding 500 pt1 of isopropanol,
washed with 70% ethanol and the pellet was dissolved in diethylpyrocorbonate (DEPC)
water.
 To analyze the RT region sequences of PyREIGI transcribed copies, the cDNA was
synthesized from 1ptg oftotal RNA at 420C for 30 min with 1pl Oligo dT adaptor primer
from the RT PCR kit (Takara Bio, Japan). Prior to cDNA synthesis, the RNA sample was
treated with RNase-free DNase enzyme, according to the manufacturer's instructions
(Promega, USA). The PCR was canied out with same set of primers and conditions as
used for genomic copies.
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Alignllient and phylogenetic analysis of sequences
The sequences of other retrotransposons were obtained from DDBJ, EMBLIGenBank
datal)ase (http:/lwww.ddbj.nig.acjpD and the sequence files were created with Genetyx-
Win (Ver 5.0) software. The amino acid sequences of PyREIGI with other
retrotransposons were aligned with ClustaIW (Thompson et al. 1994) and marmally
optimized. The Neighbor joining phylogenetic trees were constructed using MEGA 3.1
software (Kumar et al. 2004) with default settings. To assess the support for each internal
branch of the trees, a bootstrap test with 1000 replications was perforrned. The values
above 50% only were indicated on the nodes.
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Results
Isolatien of ltp7REI GI
Ib our laboratory, a 287 bp DNA fragment (fyREI) encoding part ofthe RT region was
isolated by genomic PCR from P. yezoensis (Zhang et al. 2006). To isolate full length
element, the genomic PCR fragment (?)2REI) was further extended to 2 ld) by inverse
PCR. Characterization of 2 kb fragment indicated the presence of RT and RNase H
region, and the ORF was terminated at 3' end (Fig. IA). The fianking sequences showed
characteristic feamres of 3' end LTR sequences, a polypurine tract (PPT) GTGGGGGAG,
and begirming of LTR with a 5' -TG dinucleotide. As 5' and 3' LTR sequences are
identical in most ofthe characterized elements, I used forward CREIGI-Fl) and reverse
(REIGI-Rl) primers of LTR sequences to isolate a genornic copy of the element (Fig.
IB). To avoid amplification of only the L'IR regions and to ensure isolation from the 5'
end of5' Ll R to 3' end of3' L[[R, the forward and reverse primers were included with
target site duplication (TSD) of 3' LTR region (GGCCA). Using LTR and TSD specific
primer set, I successfully isolated a fu11 length element of 4,807 bp in lengh from the
genome of Porpityra yezoensis and termed as b2REIGI (Fig. IC). The nucleotide
sequence of PYREIGI (Fig. 2) entered into the DDBJ, EISfl]L, and GenBank databases
with the accession number AB37 1726.
Structure and copy number ofRpTREIG7
Ib2REIGI is 4,807 bp length with a single ORF encoding 1,401 amino acids, and
bordered by 204 bp length LTR sequences (Fig. 2 & Fig. 3A). The motifs in PyREIGI
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proteins were searched by lnterProScan (http:/lwww.ebi.ac.ukllnterProScan/),
HMMPfam (http:!lpfam.janelia.orgl) and the conserved domains and residues were
identified by alignment (ClustalW) with other retrotransposons. The results suggested
that PyREIGI possesses gag, protease, integrase, RT and RNase H sequences as shown
in Fig. 3A. Considering the order of gene arrangement ofpolyproteins, llyREIGI can be
grouped into copia-like retrotransposons.
 To identify the copy number ofllyREIGI in P. yezoensis, Southern blot analysis was
perfbrmed (Fig. 3B). Six bands were detected with RT and gag probes and 12 bands with
LTR probe, suggesting that IlyREIGI consists of a relatively small gene family. To
determine the nucleotide sequence dlfference among family genes of R)2REiGI, K)pnl
digested genomic DNA fragments that hybridized with the RT probe were extracted from
the agarose gel and their nucleotide sequences were analyzed. A total of 25 clones were
divided into two groups referred to Gl-1 and Gl-2 (Fig. 3C). All 11 PCR products of
cDNA amplified with RT primers showed similar $equences to Gl-1 with a single
nucleotide difference suggests that the Gl-1 group of ,IlyREIGI family genes is
expressed at low levels under normal conditions. ･
Characterization ofLTR, (-) PBS and (+) PPT sequences
LTRs, which border the open reading frame (ORIF) at both the ends, are the characteristic
sequences of LTR retrotransposons and retroviruses. LTRs contain the promoter and
terminator sequences fbr transcription of LTR containing elements. ,P)7REIGI contains
204 bp length LTR sequences which are terminated by short 4-bp inverted repeats and
showed identical 5'-TG...CA-3' dinucleotide end sequences to other LTR
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retrotransposons (Fig. 4A). The sequences of 5' and 3' LTR showed identical to each
other with a single nucleotide difference (Fig. 4B). The putative primer binding site
(PBS) fbr (--) minus strand DNA synthesis is located at just immediate to the end of 5'-
                           'LTR and the putative polypurine tract (PPT) fbr (+) plus strand DNA synthesis is also
identified upstream to 3'-LTR (Fig. 4A).
Characterization of gag and polyproteins
The amino acid sequences of ORF proteins of PyREIGI (Fig. 3A) were aligned and
phylogenetically analyzed with those ofpreviously isolated elements, PivREIOG, PyiRE2A
and other retrotransposons.
Gag and Rrotease
The CCHC motif conserved in nucleic acid binding gag proteins of viruses and
retrotransposons (Mount and Rubin, 1985) was identified in PyREIGI (Fig. 5A).
Retroelement aspartic proteases are characterized by a D-S/T-G motif at the catalytic site
                                                    '(IFig. 5B, domain D (Peterson-Burch and Voytas, 2002). This was identified in PyREIGI
as D-S-G. Additional domains II and Ill conserved in the retrovirus protease (McClure,
1991) were also partially conserved in PyREIGI similarly to other LTR retrotransposons
(II and III in Fig. 5B).
RT and RIVase H region
Deduced amino acid sequences of RT region ofPyREIGI were compared with those of
P. yezoensis PyREIOG and other retrotransposons (Fig. 6A). The RT-like region of
PyREIGI contained all six conserved motifs recognized in the RT region of copia type
retrotransposons from various organisms (]Xiong and Eickbush, l999). Furthermore, the
phylogenetic tree constmcted using the amino acid sequences of the RT region suggest
that the RT ofPyREIGi is a copia element (Fig. 6B). in the tree, PyREIGI was grouPed
in the clade ofusual copia retrotransposons while PyREIOG was in another clade ofthe
GalEa group.
 PyREIGI RNase H sequences alignment.with PyREIOG and other LTR
retrotransposons showed the catalytically important reduces in PyREIGI (Fig. 7A). In
the phylogenetic tree of conserved domains also placed PyREIGI in the copia clade. As
in RT tree, PyREIOG is separated from PyREIGI and grouped in separate clade with
GalEa elements (Fig. 7B). These phylogenetic analyses suggested that PyREIGI and
PyRE1OG belong to two different clades ofcopia-like retrotransposons.
Iittagrase region
Integrase contains an HIICC zinc finger motig and a catalytic DD(35)E moti£ DDE
motifwas conserved across retrotransposons, retroviruses and DNA transposons (Khan et
al. 1991), and found to be catalytically important for integration (Kulkosky et al. 1992).
PyREIGI integrase showed the conserved HHCC and DD(35)E motifs (Fig. 8A & B). In
the case of PyREIOG, the sequences of integrase were more related to those of gypsy
retrotransposons than to those of copia elements. Here, I therefore constmcted the
phylogenetic tree based on the amino acid sequences of the integrase DDE domain of
PyREIGI with PyREIOG and other elements. (Fig. 8C). PyREIGI was grouped in the
clade ofusual copia retrotransposons while PyREIOG, like GalEa group, was in the clade
of gypsy elements. This tree is congruent with the integrase tree of PyREIOG
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characterization in chapter 1. To identify the copia elements characteristic GKGY motif
at downstream from integrase DDE domain (Peterson-Burch and Voytas, 2002), the
deduced amino acid sequences of C-terminal region of PyREIGI and other copia-




IbiREIGI is the first full lengh typical copia-like element to be reported in maero algae.
ln contrast to the previously isolated RT containing genes, R}iRE2A and Ib2REIOG
(Zhang et al. 2006; Peddigari et al. 2008), RyREIGI possess no sign of the defective
element such as the presence of in-frame stop codon or degenerated LTR. Phylogenetic
analysis of ORF proteins (RT, RNase H and integrase) placed PyREIGI in the copia
clade. The integrase phylogenetic tree clearly distinguished PyREIGI and PyREIOG,
which placed PyREIGI in the copia clade, whereas PyREIOG in the gypsy clade (Fig.
9C). in addition, C-teminal region ofintegrase also indicates that PyREIGI is related to
those ofcopia retrotransposons. This shows that, unlike PyRE1OG, PyRE1Gl contains all
the proteins that ofeopia elements,
 The PBS sequences (5'-GGTTATGGGCCCAGCT-3') of RyREIGI are closely related
to the (-) ?BS sequences ofDrosophila retrotransposon Copia (Mount and Rubin, 1985)
and 7blvox eopia element Osser (Lindauer et al. 1993) (Fig. 4A). in contrast to the
general phenomenon observed in many L'IR retroelements where PBS is complementary
to the acceptor stem of cellular tRNAiMet, in the case of Drosophila Copia it was
demonstrated that an internal portion of the tRNAiMet is used as primer for minus strand
DNA synthesis (Kikuchi et al. 1986). The similar kind of (-) PBS sequences were also
identified with Sbccharoiayces copia element 7JV5 (Voytas and Boeke, 1992). Similar to
Cbpia, Clsser, and 7]y5, PIyREIGI also seems to be different to other plant LTR
retroelements that use the 3' OH of tRNAiMe` as a primer and belongs to the 7),Ifeopia
51
subfamily that uses internal portion oftRNA fbr reverse transcription (Voytas and Boeke,
1993).
  IlyREIGI was expressed at low level under normal growth conditions while the
expressien of another family gene (IG-2) was repressed (Fig. 3C). Therefore, it raises the
possibility that P)iREIGI may be an active element. In seed plants, active
retrotransposons were demonstrated to provide valuable tools fbr genome analysis
(Hirochika, 1997). Further, the copia-retretransposon 7hatl of tobacco was reported to
successfully induce mutation in A`fediccrgo (Tadege et al. 2005) and lettuce (Mazier et al.
2007), suggesting that the active retrotransposon has a competence to transpose in
different plant species. In algae, copia-elements with complete structure are also present
in unicellular algae Chlanryclomonas and 71halassiosira (Repbase database, Kohany et al.
2006) or Vbtvox (Lindauer et al. 1993), but there is no report among macro algae except
the present example.
  P. yezoensis is known to be important for seaweed oultivation and as a model plant for
functional and genomic studies in marine algae (Nikaido et al. 2000). Further
characterization of family genes of .llyREIGI and the identification of active elements
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Fig. 1 Illustration of IlyREIGI isolation. General structure of copia element. (A)
Inverse PCR product: The 287 bp firagment (RyREI) was further extended by
inverse PCR and a total 2kb fragment was isolated. (B) LA PCR: The positions of
the fbrward (REIGI-Fl) at the presumed 5' LTR and reverse (REIGI-Rl) at
3' LTR sequence for long PCR for fu11 length element isolation are mentioned.







































































































































































Fig. 2 Nucleotide sequence ofllyREIGI. A total of4,807 nucleotides length element. The 5'
and 3' LTRs are underlined. The (-) PBS and (+) PPT are mentioned in red and blue fonts,
respectively. The ORF region is mentioned in gray shade.
58









      UKKkbpi9.3M- ,reE lg '" t.
                 g,, .
    i･ 46:32: ,ieebuewS' ,s..//eg






tww. tuti. ree$}v. , /
･,$ ･









G1-2 : GTCGAGGrCTACATCGTCATCCCC(NNGGGCTTEFUtGG :
cDNA : GrC(MNGGTCTACATCGTCATCCCCGAGGGCTTA(YNGG :                                    A








Gl-1 : CGGCACCAAGCAGGCGGGCAACCIrldiITGGGGGAAGCAC : 111








Fig. 3 Structure and copy number of RyREIGI. (A) Structure of IlyREIGI. ORF is
fianked with long terminal repeat (LTR) sequences at both 5' and 3' ends. Restriction
enzymes KPnl (K) and Pstl (P) cut sites are indicated. The probe regions on the
PyREIGI are indicated with thick bars. (B) Southern hybridization of genomic DNA. K
and P digested DNAs were hybridized with RT (Probe 1), Gag (Probe 2) and LTR
(Probe 3) region probes. U indicates Uncut DNA. (C) Nucleotide sequences alignment of
PyREIGI groups Gl-1, Gl-2, and cDNA The positions at which nucleotides of Gl-1
differ from that of Gl-2 are indicated by boxes. The triangle indicates the single
nucleotide difference in cDNA to that ofG1-1 group.
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Fig. 4 Characterization of RyREIGI LTR, PBS and PPT sequences. (A)
Comparison of 2yREIGI sequences with Copia and Osser elements. Inverted
repeats of 5' LTR and 3' LTR are in bold letters. Identical nucleotides in the
promoter binding sites (PBS) are indicated with asterisk. (-)PBS, primer binding
site fbr (-) strand synthesis and (+) PPT, polypurine tract fbr (+) strand synthesis.
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Fig. 5 Gag and protease domains alignment of PyREIGI, PyREIOG, other LTR
retrotransposons and viruses. (A) Nucleic acids binding domain, CCHC motifof
gag proteins. (B) Alignment of catalytic domain of aspartic protease. rllie
domains were indicated with bars and roman numbers. Conserved residues were
highlighted. Accession numbers ofthe elements used are, PyREIOG (AB286055),
Copia pa11240), Tntl (X13777), Osser (X69552), Ty3 (M23367), Gypsy
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Fig. 6(A) Alignment ofPyREIG RT domains with PyREIOG, PyRE2A elements
and other LTR retrotransposons. The domains were indicated with bar and roman
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Fig. 6(B) Neighbor-Joining phylogenetic tree of RT conserved domains of PyREIGI,
PyREIOG, PyRE2A and other retrotransposons. 'Ihe bootstrap values al)ove 50% were
indicated on the nodes. Accession numbers of the retrotransposons used, Accession numbers
ofthe retrotransposons used, BAREI (Zl7327), PyRE2A (AB248913), Hopscotch (U12626),
Stonor (AF082133), Ta13 (X13291), RIREI (D85597), GalEal (EU097705), Cicol
(DQ913003), Olcol (DQ913000), Zecol (DQ913001), TED (M32662), Sushi (AF030881),
MAGGY (L35053), Skippy (L34658), Osvaldo (AJ133521), 412 (X04132), Saci-2
(BKO04069) Cin4 (YOO086), RIDm (P16425), Jockey (P21328), Tl (B34751).
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Fig. 7(A) Alignment of catalytic domains of RNase H. PyREIGI aligned
with PyREIOG, PyRE2A and other retrotransposons. The conserved
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Fig. 7(B) A Neiglibor-Joining tree of RNase H domains of non-LTR and LTR
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Fig. 8 Multiple alignments of PyREIGI integrase HHCC (A) and DDE (B) motifs. A. Alignment (
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Fig. 8(C) Neighborjoining phylogenetic tree of DDE domain amino acid sequences. The bootstra
values were calculated against 1000 replicates. The tree shows PYREIGI in the copia clad, howevc
PyREIOG is placed in the swsy clad along with GalEa elements. Bacterial insertion element, IS630 j
rooted as out group. The boot strap values ahove 50% were mentioned on the nodes. Accession numbc
ofthe elements used here are, CsRnl (AYO13569), and IS630 (X05955).
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Fig. 9 The GKGY motifofcopia-like elements. It is a universal characteristic feature ofonly
Copia-like elements fbund about 60 residues downstream from the eatalytic DDE moti£ The DD]
downstream sequence ofPyRE1Gl was aligned with other copia !ike elements, showing the presence o
the moti£ As in some other copia elements, instead of the Y residue, it is the F (similar amino acids) tPyREIGI, which is shaded in grey. '
68
